Alcator C-Mod's lower hybrid current drive (LHCD) system allows the exploration of advanced tokamak (AT) regimes at densities relevant to ITER and fusion reactors. The location of the LHCD is critical to AT performance and may be inferred by measuring the nonthermal bremsstrahlung emission in the hard x-ray (HXR) region. A pinhole camera using an array of 32 CdZnTe detectors is used to image energies in the 20-200 keV range. Detectors and pulse processing electronics are integrated into a compact and modular package making extensive use of printed circuit board and surface mount technology. The system also makes use of fast digitization and software signal processing techniques. An ambient environment of neutrons, gammas, and high RF power requires careful shielding. Shielding is studied using the neutron and photon transport code MCNP. The design of the diagnostic is presented along with background measurements in lieu of LHCD fast electrons. Background measurements are then compared to advanced modeling results to predict the power threshold for meaningful HXR data for a H-mode target plasma.
I. INTRODUCTION
Alcator C-Mod's lower hybrid current drive (LHCD) system allows the exploration of advanced tokamak (AT) regimes at densities relevant to ITER and fusion reactors. The location of the LHCD is critical to AT performance and may be inferred by measuring the nonthermal bremsstrahlung emission in the hard x-ray (HXR) region. A pinhole camera using an array of 32 CdZnTe detectors is used to image energies in the 20-200 keV range.
The purpose of the HXR diagnostic is to interpret lower hybrid performance in terms of controlling the current profile and modifying the electron distribution function. Antenna parameters such as n , forward, and reflected power provide boundary conditions, but not information about wave propagation and damping when coupled to the plasma. The best means of measuring LH performance comes from examining the fast electron population generated through electron Landau damping. The simplest and most easily observable process is bremsstrahlung emission. Fast electrons collide with ions or bulk electrons and radiate in the HXR region of the spectrum, typically 20-200 keV. The local emissivity will change in accordance with the location of the damping.
HXR diagnostics are now standard for understanding the fast electron population. After the work of Peysson [1] , HXR diagnostics typically make use of solid state detectors and can be deployed in a variety of configurations[2, 3, 4] . Spectral data is built up using pulse height analysis for each chord, then an inversion procedure [5, 6] is used to obtain the radial emissivity profile. In the present work pulses are digitized and stored allowing for software post processing of the data. Advanced modeling tools allow direct comparison between measured spectra and the electron distribution function [7] .
Section II discusses the overall setup and design of CMod's HXR diagnostic. Section III covers the details of the detectors and nuclear electronics. Shielding is discussed in section IV. Sections V and VI cover the data acquisition system and explain the calibration and alignment. Section VIII briefly describes advanced modeling tools for interpretation of results and includes a power threshold during H-mode. Section IX discusses future improvements to the diagnostic. A summary is presented in X II. EXPERIMENTAL SETUP Alcator C-Mod is a small, high field tokamak with a 68 cm major radius. Its compact size along with the coils required to produce high fields creates severe space constraints for diagnostic access. A pinhole camera is one of the simplest imaging devices possible, and is also well suited to applications with limited access. On C-Mod placing the pinhole near the port minimizes the space required for the diagnostic. Figure 1 shows the viewing chords and the camera position. The camera views a poloidal cross section from the midplane through a 1 mm Al vacuum window on a horizontal port.
The system is composed of 32 channels as a balance between space constraints, spatial resolution requirements, and cost. Pinhole geometry is set by just a few parameters, D the distance from the magnetic axis to the 2 . The geometry was chosen to maximize the count rate by making a d as large as possible given the restriction on the total height and minimizing d such that the outer chords still intersect the plasma. This creates a total viewing angle of 29
• . The spatial resolution is set by changing the aperture size; typically a c is 5 mm giving 1.5-2 cm resolution. A finite thickness for the pinhole is required to collimate hard x-rays. A thickness of 4 mm is used which causes theétendue to vary by 23% from the central channels to the outer channel. The detectors are mounted on a radius to maximize the effective detector area. The view of all the detectors is angled 2.8
• from a radial view to accommodate other diagnostics, which slightly lowers the emission cross section.
A. Fast Digitization
Fast digitization [3] replaces either the NIM bin technology or MCAs typically used for pulse height analysis. The pulse from each count is digitized and stored for later software analysis. This method os well matched to measurements on a time scale of a few seconds, but can not be extended to long pulse devices since the amount of data collected becomes unmanageable. For longer duration experiments, either a purely analog system or a means of digital spectroscopy must be used. Some options for digital spectroscopy are discussed in section IX. For C-Mod, however, fast digitization considerably reduces the bulk and cost of a system with a large number of channels. Fast digitization also allows for flexible binning in both time and energy. This means that if the signal is level is low the counting time may be increased and the energy bins widened to ensure good statistics. If the signal level is high, finer bins may be used giving higher temporal and energy resolution. Since the raw pulses are digitized it is possible to reduce pile up by fitting the pulses in question through software and recovering the amplitude information. This reduces the overall dead time of the system and allows access to higher counting rates. Since the raw data is stored it may be reanalyzed later on using different bins or fitting options. One of the most important benefits of fast digitization is the ability to identify sources of noise pickup. Most signals are slow compared to the digitization rate so that correlations in time and frequency may be observed. For example an increase in noise at a frequency of 10 kHz was seen during a 50 ms firing of the diagnostic neutral beam. On C-Mod, two 16 channel D-TACQ boards are used, which are described in detail in section V.
B. Integration
Detectors and pulse processing electronics are integrated into a compact and modular package making extensive use of printed circuit board and surface mount technology. A motherboard based system offers an efficient means to incorporate many components into a small space. This allows for modular packages that can be easily replaced due to failure or upgraded if need be. A motherboard also trades the wiring of traditional systems for traces and ground planes, reducing the capacitance and noise levels. The overall size of the board is 21.0×22.9 cm and is composed of four layers. Besides containing sockets for preamps and shapers the motherboard also has power supply filtering and, more importantly, the high voltage bias circuit. The high voltage is typically around 200 V and is mostly dropped across the detector given its high resistivity.
All electronics are housed in an iridized aluminum box. The box's primary purpose is to provide RF shielding for the electronics. The box also protects the electronics from handling and is structurally rigid to install the detector mount and motherboard. Teflon runners are attached to the outside to mate with the mounting tracks in the Pb shield. The box is 24.8×24.1×7.0 cm and 0.32 cm thick. The detector mount is attached directly to the box and the detectors view the plasma through a 0.64 cm diameter slot.
An internal RF shield is also incorporated into the box to prevent channel to channel crosstalk. The internal shield is composed of a upper and lower section. The upper section has three rails with slots for panels to create a separate compartment for each preamplifier and shaper. The lower section is an Al plate with slots milled to isolate the pins of the through hole components. The motherboard has exposed copper allowing the ground plane to come into direct contact with the internal shield. The rails fasten to the lower shield compressing the motherboard and giving good contact. All the electronics share a common ground within the electronics box. The complete electronics box with internal shield is shown in figure 2. 
III. DETECTORS AND ELECTRONICS
Detectors and electronics are coupled together to produce a voltage pulse whose amplitude corresponds to the incident photon energy. Figure 3 shows the detector, preamplifier and shaper. CdTe or CdZnTe detectors are commonplace for measurements within the HXR spectral region since they are compact, have good efficiency, and do not require any magnetic shielding or cooling. While the energy resolution is not as good as high purity Germanium, CdZnTe is well suited for a continuum measurements such as bremsstrahlung emission. The detector size is 5×5×2 mm. For a high count rate system charge transport needs to be considered. The mobility of electrons and holes limits the ultimate count rate of the system. Mobility is typically an order of magnitude slower for holes than for the electrons and sets the time constant used in the shaping electronics to minimize the ballistic deficit. Using a hole mobility of 120 cm 2 /Vs, 200 V bias voltage, 2 mm thick detector, and the mean free path for a 100 keV photon the charge collection time is 0.6 µs. Unfortunately, the mobility varies greatly from detector to detector [8, 9] , so an estimate of 1 µs is taken as an appropriate value, and is used as the width of the shaped pulse. This sets a fundamental limit on the counting rate at 1 MHz. This limit, however, is not approached as count rates of 10's of kHz are expected, giving significant experimental margin.
The preamplifier, a Cremat CR-110, has a fall time of about 140 µs and a sensitivity of 0.048 mV/keV. The CR-110 was chosen because of its very low cost and fall time is fast enough to enable operation at high count rates without railing and causing blindness.
The shaper produces a Gaussian pulse with a base width of 1.1 µs. A seven pole Sallen-Key filter based on direct frequency synthesis [10] was developed for use to integrate the system into a single electronics box. The shaper also includes pole-zero cancelation, optional DC offset, and a 50 Ω line driver. CAD design tools for simulation and layout were used to guide the design and create files used by online printed circuit board (PCB) manufacturing companies. PCBs can now be made within a week allowing revisions to be produced in a fast and inexpensive manner. The complete three layer board is composed of dual current feedback opamps and 0805 components and measures 5.6×2.5 cm.
IV. SHIELDING
The primary source of background on C-Mod is (n,γ) reactions from D-D fusion neutrons with the structural materials of the machine. To examine the γ spectrum a Monte Carlo neutron and photon transport code, MCNP [11] is used. An elaborate model of the experimental cell was developed for a nuclear safety study [12] . MCNP is used to calculate the neutron and photon spec- due to slowing down of the 2.45 MeV peak from D-D fusion events. The photon spectrum clearly shows a large number of peaks from (n,γ) reactions and a large photon flux in the HXR region. γ shielding is required and is very effective below 200 keV. Pb is traditionally used as a shield material because of its high Z and high density and is also used on C-Mod.
Given that the detector contains Cd, which has a high thermal capture cross section, direct neutron absorption is a concern. Tests on C-Mod indicate that neutrons do not contribute noise directly in the energy range of interest, but may increase system dead time by creating high energy pulses. Neutron shielding is not feasible on C-Mod due to space constraints, consequently signal to noise (S/N) becomes an issue for plasmas with high ICRF power. S/N is discussed further in section VII.
γ-ray shield thickness was studied with MCNP using the neutron spectrum from figure 4 and examining the volume photon production rate and the surface flux as the thickness was varied from 1 to 3 cm. One intuitive result is that the 88 keV k-shell emission is shielded by the material itself, with only the region near the surface contributing no matter the thickness. The main, and somewhat unexpected result, is that as the thickness is increased the volume photon production rate slightly increases, but the γ flux up to 2 MeV remains fairly constant.
Considering the spatial constraints at the port and the energy response of the CdZnTe detectors about 3 cm of Pb is optimum. The resulting space is enough for about 3 cm of lead. This gives over ten orders of magnitude in attenuation at 200 keV. A monolithic structure was made by casting Pb in between two 0.32 cm aluminum shells. It consists of a pyramidal front section that contains the pinhole and a rectangular rear section for the electronics box. A 0.32 cm stainless steel guard around the detector array shields the Pb k-shell emission.
The shield is mounted on a support structure that is attaches directly to the concrete igloo that surrounds CMod. The base consists of a sturdy aluminum box with a number of cutouts for cable feedthroughs. To accommodate access to other diagnostics the HXR shield may be moved out of the port using a rail system. A sled with pillow blocks and rail locks attaches the shield to the rails which are mounted on a table. Four jack screws connect the rail table to the base and allow for vertical and tilt adjustment. Figure 6 shows the diagnostic mounted at B-port.
V. DATA ACQUISITION, PROCESSING, AND MANAGEMENT
The critical component to be able to do the analysis through software is the digitizer. The HXR diagnostic requires a large number of channels at a fast rate and consequently large on board memory. D-TACQ Solutions of Scotland was the only company that could meet these requirements. The ACQ216 is a 16 channel board capable of 10 MHz per channel. The board is 14 bit and has one GB of memory, which makes it possible to digitize for the length of current C-Mod discharges, about three seconds in all. The boards come in a 6U CompactPCI form factor with dual pin Lemo connector inputs. With up to two GB of data per shot data management, processing, and storage become very important issues. Data taken from a typical C-Mod shot is currently about 500 MB. This data is permanently archived on a large RAID array. Adding two GB per shot just for the HXR diagnostic would place too great a demand on system and network resources. To solve this issue only processed data is written to the archive, while the raw data is stored on the local disk and on external IDE drives. The local data acquisition system consists of three main parts, a server, a local gigabit network, and the digitizers. The server processes and stores the data locally. The local gigabit network connects the digitizers to the server for fast data transfers.
The data are read in parallel from the each digitizer and takes about 1.5 minutes to read and write for every second of data taken when all channels are used. Each store action includes a call to the Matlab analysis routines. Two instances of Matlab are used to begin the analysis after the store is complete. Processing time depends on the fitting options chosen and also the count rate. For standard analysis the data is processed, stored and ready for viewing within five minutes.
The peak finding routine is based on examining the curvature of the signal through numerical derivatives. Looking at the sign of the curvature determines if the data has a maxima or a minima. Maxima above the threshold level are recorded and examined for pileup. The width of the pulses and the spacing between maxima and minima are used to determine if pileup exits. Figure  7 shows plots 30 ms of raw signal with the found maxima overlayed in circles. A number of options have been implemented for pulse analysis including fitting multiple peaks and pile up rejection. Typically fitting is not used and multiple peaks are rejected for fast analysis since the error incurred for a 1.1 µs width pulse digitized at 10 MHz is only 3%.
VI. CALIBRATION AND ALIGNMENT
Pouring the lead into the shells resulted in the lack of a good reference surface on the shield and required the development of an alignment system. Alignment on CMod is critical since the port has two reentrant tubes that potentially may block the plasma view. It also helpful for interpretation of results and modeling to know the exact view. A set of two laser diodes are used to give the extent of the view as measured on the central column. The tiles on center column are the best position reference on the machine. This allows any tilts and angles to be taken into account during the analysis. The only drawback is that it requires a manned entry when the machine is up to air. Making the detector mount using traditional machining would be difficult and very time consuming given the electrode position on the detectors, the detector mounting radius, and the angles for the alignment lasers. Stereo lithography (SLA) can produce very complicated parts quickly and is typically used for building prototypes and visualizing parts since the products are not very mechanically rigid. The structural integrity requirements for the detector mount are almost negligible since there is no weight bearing or other stress that needs to be taken into account. The detector mount is made from a high resolution SLA process with ±0.08 mm layers and created directly from 3D CAD drawings. The mount is composed of top and bottom pieces with the detectors being held in compression. Set screws hold the laser diodes. The fully loaded detector mount is shown in figure 8 .
The energy calibration is performed by using two active sources, 241 Am and 57 Co. These two sources provide energy points within the desired energy range with good separation. The 241 Am source has a peak at 60 keV and an activity of 400 µCi and the 57 Co has peaks at 122 and 136 keV with an activity of 5 mCi. Such strong sources are needed since the digitizers can only digitize for about three seconds at a time. Multiple shots are added together to produce the spectra with reasonable statistics and resolution. The detector response function is included in the analysis to take into account imperfections in the detector such as the low hole mobility and varying photofraction as the incident energy changes.
VII. BACKGROUND MEASUREMENTS
The primary source of background is neutron capture reactions in the material surrounding the HXR diagnostic. The neutron rate and HXR background signals track the ICRF heating power. Figure 9 shows the time history of the RF power, neutron rate, and HXR background. High energy counts, greater than 300 keV, are also observed corresponding to the neutron rate. They could either be from (n,γ) reactions, or possibly neutron absorption. In either case the result of their presence is to increase the dead time of the system. At the highest neutron rates observed thus far the dead time due to all counts above 200 keV is only 8%. The background observed is fairly consistent from channel to channel indicating the flux in the area of the camera is uniform. Figure 10 shows the spectra from all channels. The majority of the spread occurs at the low energy channels where the thermal bremsstrahlung from the varying plasma views may contribute. Figure 11 shows the background count rate in the 90-100 keV energy bin vs neutron rate. The background rate is linear, but with greater uncertainty at higher neutron rates from limited data and counting statistics. Using the best fit to the data and C-Mod's record neutron rate of 1 × 10 14 s −1 , the maximum background level may be estimated as 7.1 × 10 3 s −1 . The background spectrum from neutrons is fairly consistent for a given neutron rate and may be subtracted during analysis of LH data.
VIII. ADVANCED MODELING FOR DATA INTERPRETATION
Modeling tools exist to directly compare line integrated HXR spectral data to what is predicted for a given distribution function. DKE [13] , a drift kinetic equation solver, incorporates a bremsstrahlung emission package [14] which provides refined calculations by including the exact emission cross sections, magnetic equilibrium, and field line tilt. Experimental data such as the magnetic equilibrium, temperature and density profiles are input into DKE as well as model parameters for the distribution function. The distribution function is then used with the bremsstrahlung cross sections to get the emission. The geometry of the diagnostic is taken into account as each line of sight is integrated through the plasma to the detector. The detector response function is also taken into account allowing direct comparison of the measured spectrum and the model.
In lieu of LH data, DKE is used to estimate the power threshold required for meaningful data from the HXR diagnostic for an AT H-mode target plasma with n e = 1 × 10 20 m −3 , T e0 = 3 keV, 3 MW of ICRF power, and an average neutron rate of 6×10 12 s −1 . The quasilinear diffusion coefficient is varied, which varies the input power level, to compare the counts expected to the the measured background. The result is shown in figure 12 for powers up to one MW. After about 500 kW the signal level becomes linear with input power. plasmas are expected to be near 1 × 10 13 s −1 , meaning that adequate S/N ratios will be readily attainable under routine operating conditions.
IX. FUTURE ENHANCEMENTS FOR HXR DIAGNOSTICS
Fast digitization is a step towards digital spectroscopy. A number of interesting technologies now exist that make it possible to do digital real time analysis with the possibility of feedback control. Chief among them is the FPGA or field programable gate array. FPGAs are incredibly flexible devices that may be configured to be everything from processors to digital spectrometers. The basic idea is to use the FPGA as a sort of hardware shaping and processing device that combines the flexibility of fast digitization with access to real time spectra [15] that are available from completely analog systems. After a pre ADC stage the pulses are digitized out of the preamp. Once digitized they can be shaped and binned into spectra. The only drawbacks are long development time and cost. FPGA programming of this complexity is time consuming alone, but the system would have to be integrated with a fast ADC, pre-ADC stage and replicated into a multichannel device. A couple vendors, XIA and Amptek, market commercial single channel digital pulse processors that are currently about three times the price per channel of C-Mod's HXR system. The individual channels would require integration into a multichannel system and software development or modification to perform as desired.
Real time control of plasma quantities such as the current profile would provide a means to operate indefinitely in AT regimes and optimize performance. Recently JET achieved a simple form of q-profile control [16] . The initial results use LHCD power level as the actuator with real time magnetics, and interferopolarimetry data as the feedback. To be successful the plasma conditions had to be contrived from previous dedicated experiments. In spite of this, this represents a good start to using real time feedback control to regulate an important plasma quantity. On Tore Supra means have been investigated to sustain electron transport barriers in the steady state [17] . On TCV a single channel real time PHA using a XIA card for processing achieved 10 ms resolved electron temperature measurements [18] . Combining a real time PHA of hard x-rays for feedback with LHCD as an actuator would provide a much more direct means of current profile control and this is a future goal on C-Mod. This is also being investigated on Tore Supra [19] .
It is conceivable to use the emissivity profile, PHA results or simply the count rate on a given channel as the information to control the antenna phasing. Present implementations of the LH control system and HXR diagnostic are limited and would need to be upgraded to accomplish this end. The LH control system is designed to take in a preprogrammed waveform and the HXR data is not accessible in real time. HXR data can be made available in real time either upgrading to a digital pulse processing system or by possibly modifying the ACQ216s. The ACQ216 digitizers are FPGA based and have some resources available. It may be possible to modify the digitizer to do the pulse processing onboard and output the spectra in almost real time.
X. SUMMARY
A pinhole camera using an array of 32 CdZnTe detectors has been developed to image energies in the 20-200 keV range for LH discharges on Alcator C-Mod. Detectors and pulse processing electronics have been tightly integrated into a compact package to satisfy spatial constraints and reduce noise. The system makes use of fast digitization and software signal processing techniques. Comparing background measurements to modeling results indicate that adequate S/N should be maintained during typical operating conditions.
Acknowledgments
The Author would like to thank the Alcator team for their support, particulary Bill Burke and Bill Parkin for their electronics expertise and Bob Silva for excellent machine work. This work was performed with the support of the U.S. Department of Energy under contract number DE-FC02-99ER54512.
[1] Y. Peysson and F. Imbeaux, Rev. Sci. Instrum., 70, 3987
[2] P.V. Savrukhin, Rev. Sci. Instrum., 73, 4243 (2002) 
